We demonstrate for the first time that a single-crystalline epitaxial Mg 1-x Ca x O film can be deposited on gallium nitride (GaN) by atomic layer deposition (ALD). By adjusting the ratio between the amounts of Mg and Ca in the film, a lattice matched Mg x Ca 1-x O/GaN(0001) interface can be achieved with low interfacial defect density. High resolution X-ray diffraction (XRD) shows that the lattice parameter of this ternary oxide nearly obeys Vegard's Law. An atomically sharp interface from cross-sectional transmission electron microscopy (TEM) confirmed the high quality of the epitaxy. High temperature capacitance-voltage characterization showed that the XRR/XRD Mg x Ca 1-x O grown on thermal oxide (300nm SiO 2 /Si) wafers was characterized by XRD and XRR for lattice spacing and thickness respectively. Each thermal oxide wafer was cleaned of organic contamination by exposure to UV light in air (UV-ozone treatment) for 5 min before being loaded into the deposition chamber. Both XRR and XRD characterization was performed with a Bruker D8 Discover system.
The wide implementation of solar energy and fast development of electrical vehicles both require more efficient power electronic devices working under high voltage (>600V), high temperature (>100 o C) and high frequency conditions. 1 Currently, Si-based power devices could not meet these demands due to the small band gap (1.1 eV) and low breakdown field of Si. 2 GaN could replace Si for future power applications because of its higher band gap (3.4eV) and higher breakdown field. However, unlike Si, the interface trap density between GaN Recently, our group demonstrated that ALD can grow lanthanum oxide epitaxially on gallium arsenide (GaAs) (111)A surfaces, and that the density of interfacial defects is remarkably low. 7 Although the (0001) surface of GaN wurtzite structure has an atomic structure similar to the (111)A surface of GaAs, it is more challenging to apply the same strategy to GaN due to the lack of any lattice matched oxide. We have also reported ALD-Sc 2 O 3 growth on AlGaN/GaN based HEMT devices. 6 16 One powerful method to examine the epitaxial film quality is cross-sectional TEM imaging. Figure 2 summarizes the cross-section TEM images of three different peaks are seen in all three samples ( Fig. 3 a) . The absence of MgO and CaO peaks indicates that phase separation into the two binaries has not occurred. The (Fig. S3 ). In this measurement, the positive probe is placed in contact with the gate electrode while the negative probe is in contact with the large area of GaN covered by aluminum metal. Since the gate has a serial connection with the large area, the measured capacitance is given by
where m C is the capacitance measured by the LCR meter, g C is the capacitance of the gate and l C is the capacitance of the larger area. Since C l >> C g , the measured capacitance is dominated by the gate: m g C C .
The measured room temperature and high temperature CV curves from three In room temperature studies ( Fig. 4 a, b and c) , very small (<6%) frequency dispersion can be seen in the depletion region for all three Mg x Ca 1-x O samples, while there is a 20% dispersion in the same region in the Al 2 O 3 /GaN sample ( Fig. 4 d) Fermi level is moved deeper in the band gap at a higher temperature; thus defect information can be obtained over a wider range of energies within the band gap. 18 In the CV data taken at 150 o C ( Fig. 4 e, f, g and h) , the frequency dispersion remained quantitatively, the conductance method was employed since the Terman method is considered less sensitive 19 and the Gray-Brown method is not applicable to III-V semiconductors. 20 The detailed measurement procedure and conductance data are summarized in the supporting information (Fig. S5) . 18 The measured values of D it are summarized in Fig. 4 
Deposition conditions for ALD
The magnesium and calcium precursors were kept in sealed bubblers at 110 o C and 140 o C respectively in two separate ovens, and were delivered into the reaction chamber with controlled volumes of N 2 carrier gas. The deposition was performed at a substrate temperature of 310 o C. The dosing sequence was [(Ca-H 2 O) y -(Mg-H 2 O) x ] n . Each metal precursor dose was followed by a water dose. The composition was adjusted by varying the dosing ratio between the Mg and Ca cycles. The GaN substrates were treated with UV-Ozone for 5min then followed with 20% ammonium hydroxide soaking for 20min prior to ALD deposition. The water contact angle on newly received GaN substrate was 70 o . This hydrophobic surface was due to the adsorbed organic compounds. After removal of organic contamination by UV-Ozone treatment, the contact angle decreased down to 18 o since the surface was turned into Ga 2 O 3 . The contact angle of GaN surface further decreased to 9 o after ammonium hydroxide treatment. This was because the ammonium hydroxide could effectively remove the Ga 2 O 3 and expose the clean and highly hydrophilic GaN surface for deposition. 1 Such surface is highly favorable for a Frank-van der Merwe (layer-by-layer) growth in ALD.
FIB/TEM
Transmission electron microscopy (TEM) images were taken with a JEOL-2100 TEM at the Harvard Center for Nanoscale Systems (CNS). The TEM cross-section sample preparation was done with a FEI Helios 660 focused ion beam (FIB) system. In the cross section TEM diffraction patterns (Fig. S2) 
RBS
Rutherford Backscattering Spectroscopy (RBS) was done at the Department of Physics and Astronomy, Rutgers University.
MOS-capacitor
Epi-layers GaN (5 m thick) grown on sapphire substrates were purchased from MTI with resistivity of 0.02 cm. The GaN wafers were treated with UV-ozone for organic removal and then soaked for 20 min in 20% aqueous ammonium hydroxide to remove native oxides. After pretreatment the samples were patterned into circular capacitors by photo lithography. 300nm Al metal was then deposited onto the dielectric and the remaining photoresist with thermal evaporation. After lift-off overnight, the "top-to-top" capacitor structure was formed as shown in 
MOS-HEMT
The AlGaN/GaN MOS-HEMT structure was grown on a Si (111) substrate, consisting of, a 5-nm Al 2 O 3 capping layer, a 10-nm Mg 0.25 Ca 0.75 O epitaxial oxide, a 2-nm GaN capping layer, a 17-nm Al 0.26 Ga 0.74 N barrier, a 1-nm AlN spacer, a GaN channel, and a 800 nm GaN buffer. Device fabrication started with mesa isolation by Cl 2 /BCl 3 etching to a depth of 80 nm. Then, Ohmic contacts were formed by depositing Ti/Al/Ni/Au (20/100/40/50 nm) followed by 775 °C rapid thermal anneal in N 2 atmosphere. The sheet resistance (R SH ) and contact resistance (R C ) were determined to be 480 / and 0.3 ·mm through transfer length method (TLM). Then gate oxides were deposited by ALD. The gate metal is formed by deposition of Ni/Au (30/50 nm) with lift-off process. Electrical measurements were performed with a Keysight E4980A LCR meter.
MOS-HEMT measurement conditions
I D -V DS : The V DS is swept from 0 to 10 V and the V GS is stepped from 5 V to -5 V with -0.5 V as the step. I D -V GS : The V GS is swept from 4 V to -5.5 V with -0.05 V as a step at V DS =1 V and 5 V.
AC conductance method to extract D it
The AC conductance method is one of the most sensitive methods to determine D it . The equivalent circuits of the MOS capacitor are as following in 
AFM
The AFM study is done with an Asylum MFP-3D AFM System. The similar RMS values obtained from before and after the deposition indicate that the film has uniform thickness. Fast Fourier Transform (FFT) analysis is employed to study the in-plane lattice mismatch. By measuring the lateral distance of corresponding spots in the FFT images with pixel as unit, the in-plane lattice mismatch can be calculated with (L sub -L film )/L film . The error range of in-plane mismatch from FFT is about ±1% due to the limited image resolution. The results show that the in-plane mismatch is in good agreement with the out-of-plane mismatch. 
